Introduction
============

Around 60%--75% of breast metastases occur in bones.[@b1-ijn-11-3737]--[@b3-ijn-11-3737] These metastatic diseases, characterized by increased osteoclastic activity and osteolysis, are associated with pain, fractures, and nerve-compression syndromes, which result in decreased quality of life.[@b2-ijn-11-3737],[@b3-ijn-11-3737] Currently, there is no curative treatment for bone tumors. In this context, effective therapies to inhibit the progression of bone metastases would have important clinical benefits.

A major characteristic of bone is its high content of the mineral hydroxyapatite (HA). This feature limits the diffusion of drugs into the bone, and prevents access to less vascularized areas.[@b4-ijn-11-3737] Among the drugs able to accumulate in bones, the bisphosphonates have been studied as targeting moieties through the chemical modification of nonspecific bone-therapeutic agents or binding to the surface of drug-delivery systems, including liposomes.[@b5-ijn-11-3737]--[@b10-ijn-11-3737] The ability of bisphosphonates to accumulate in bones is explained by their similarity to pyrophosphate, a natural antimineralization agent. The bisphosphonates possess a P--C--P backbone, which presents a bidentate ligand able to complex calcium ions present in HA.[@b11-ijn-11-3737]

In spite of the high affinity of bisphosphonate-attached liposomes for HA, it is well known that liposomal formulations may present a slow release of the internal content and be unable to fuse with the tumor cell membrane, hindering the intracellular uptake of drugs. In order to overcome these limitations, pH-sensitive liposomes have been developed. These liposomes have been designed to undergo destabilization when submitted to acidic environments, as occurs in the tumor extracellular matrix as well as within the endosomes.[@b12-ijn-11-3737]

In this study, we describe the preparation of novel alendronate-coated long-circulating pH-sensitive liposomes containing doxorubicin (SpHL-AL-DOX). The pH sensitivity is reached due to the presence of the lipids 1,2-dioleoyl-glycero-3-phosphatidylethanolamine (DOPE) and cholesteryl hemisuccinate (CHEMS), while the bone targeting is provided by the presence of 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(AL-\[polyethylene glycol\]-3,400) (DSPE-PEG~3,400~-AL). The PEG is used as both a spacer to extend the AL residue out of the liposomal bilayer and an agent to avoid liposomal uptake by the mononuclear phagocytic system, and consequently to increase the circulation time.[@b13-ijn-11-3737] This formulation can potentially be applied for the treatment of bone metastases. It is anticipated that the bone selectivity of SpHL-AL-DOX can lead to locally high concentrations of DOX and enhance its therapeutic effect. In addition, reduction of cardiac DOX uptake and decreased cardiotoxicity are the potential major benefits that can be achieved with this targeting approach. Here, we developed and evaluated the physicochemical characteristics of SpHL-AL-DOX and the effects of the presence of AL on drug release, plasma stability, and affinity for HA. In vitro cytotoxicity studies were also performed to demonstrate the maintenance of the efficacy of the encapsulated DOX against tumor cells when compared to the free drug. A flowchart of the experiments performed is presented in [Figure 1](#f1-ijn-11-3737){ref-type="fig"}.

Materials and methods
=====================

Materials
---------

DOPE and DSPE-PEG~2,000~ were supplied by Lipoid GmbH (Ludwigshafen, Germany). DSPE-PEG~3,400~-*N*-(*N*-hydroxysuccinimide) (DSPE-PEG~3,400~-NHS) was purchased from NanoCS (New York, NY, USA). CHEMS, sodium AL, DOX, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) sodium salt, magnesium chloride, sodium chloride, sodium hydroxide, Triton X-100, sodium dodecyl sulfate, 3-(4,5 dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), fetal bovine serum, penicillin, and streptomycin were obtained from Sigma-Aldrich Co. (St Louis, MO, USA). Dulbecco's Modified Eagle's Medium was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Dimethyl sulfoxide (DMSO) and ethanol were obtained from Thermo Fisher Scientific. All other chemicals used in this study were of analytical grade. The human breast adenocarcinoma cell line (MDA-MB-231) was purchased from the American Type Culture Collection (Manassas, VA, USA).

Synthesis of DSPE-PEG~3,400~-AL
-------------------------------

DSPE-PEG-NHS (20 mg, 4.5 µmol) was dissolved in DMSO (0.5 mL), and then a solution of sodium AL (10 mg, 30.8 µmol) and sodium hydroxide (3.7 mg, 92.2 µmol) in DMSO (0.5 mL) was added. The reaction mixture was stirred for 12 hours at room temperature, and then transferred to a cellulose-membrane tube (CelluSep; molecular weight cutoff \[MWCO\] 7,000 kDa). The sample was dialyzed sequentially in 50 mmol⋅L^−1^ NaCl solution (twice, 1,000 mL, 6 hours each) and distilled water (twice, 1,000 mL, 6 hours each). To obtain the final product (DSPE-PEG~3,400~-AL), the dialyzed solution was freeze-dried. The scheme of the reaction is shown in [Figure 2](#f2-ijn-11-3737){ref-type="fig"}. The infrared (IR), ^1^H, and ^31^P nuclear magnetic resonance (NMR) spectra of the reagents and products were obtained ([Supplementary materials](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)). In addition, the phosphorus concentration in the reagents and product was measured by inductively coupled plasma mass spectrometry (ICP-MS) in an 8800 ICP-QQQQ (Agilent Technologies, Santa Clara, CA, USA).

Liposome preparation
--------------------

SpHL-AL-DOX were prepared by thin-film hydration followed by extrusion and DOX encapsulation by remote loading, driven by a transmembrane sulfate gradient.[@b14-ijn-11-3737],[@b15-ijn-11-3737] Briefly, DOPE, CHEMS, and DSPE-PEG~3,400~-AL in a 5.7:3.8:0.5 molar ratio, respectively, were dissolved in chloroform and evaporated under reduced pressure until a thin lipid film was obtained. The resulting film was hydrated with ammonium sulfate solution (300 mmol⋅L^−1^, pH 7.4) to reach 10 mmol·L^−1^ total lipid concentration. The liposomes were then sequentially extruded (Lipex^®^ biomembrane extruder; Northern Lipids, Burnaby, BC, Canada) through a series of polycarbonate membranes with pore sizes of 0.4, 0.2, and 0.1 µm (five cycles for each). The external medium was eliminated by ultracentrifugation (Optima^®^ L-80XP; Beckman Coulter, Pasadena, CA, USA) at 150,000× *g* at 4°C for 90 minutes. The pellet was resuspended in HEPES-buffered saline (HBS), pH 7.4. This formulation was incubated with DOX (2 mg⋅mL^−1^) for 12 hours at 4°C. Unentrapped DOX was eliminated by ultracentrifugation at 150,000× *g* at 10°C for 90 minutes. Also prepared as aforementioned procedure were AL-uncoated SpHL-DOX consisting of DOPE, CHEMS, and DSPE-PEG~2,000~ in a 5.7:3.8:0.5 molar ratio, respectively, as well as SpHL-AL and SpHLs without DOX.

Liposome characterization
-------------------------

The liposomes were characterized by their encapsulation percentage (EP), drug:lipid ratio, size, ζ-potential, and polydispersity index (PDI). The EP of DOX in the liposomes was determined by high-performance liquid chromatography (HPLC). Equipment parameters are described in [Supplementary materials](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf). The amount of DOX was determined in the liposomes before ultracentrifugation (unpurified liposomes) and after ultracentrifugation (purified liposomes). For disruption of the liposomes, an aliquot of 100 µL of the formulation was taken and diluted to 1 mL using methanol. The theoretical concentrations of DOX and lipids were equal to 200 µg·mL^−1^ and 1 mmol⋅L^−1^, respectively. These mixtures were diluted with the mobile phase to theoretical concentrations of DOX equal to 40 ng⋅mL^−1^ and lipids equal to 200 nmol·L^−1^ before HPLC analysis.

The lipid content was determined by measurement of the phosphorus concentration in the liposomal dispersion by means of ICP-MS (8800 ICP-QQQQ), and the drug:lipid ratio (mol·mol^−1^) and DOX content (% weight) were calculated. The average diameter and PDI of the vesicles were determined by quasielastic light scattering at 25°C and a 90° angle using monomodal analysis. The ζ-potential was evaluated by determining the electrophoretic mobility at an angle of 90°. All samples were diluted in HBS pH 7.4, and the measurements were performed in triplicate using a Zetasizer analyzer (3000HS; Malvern Instruments, Malvern, UK).

Storage stability
-----------------

In order to evaluate the shelf life of SpHL-AL, the samples were stored under N~2~ atmosphere at 4°C. An aliquot of the sample was removed at different time intervals to measure the average diameter, ζ-potential, and PDI, as described earlier.

Differential scanning calorimetry and small-angle X-ray scattering
------------------------------------------------------------------

Calorimetric analyses of liposome constituents ([Table S1](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)) were performed using differential scanning calorimetry (DSC; model 2910; TA Instruments, New Castle, DE, USA). Methodological details are described in [Supplementary materials](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf). Samples submitted to DSC analysis were also submitted to small-angle X-ray scattering (SAXS) analysis at variable temperatures, according to the methodology described in [Supplementary materials](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf). Temperatures for SAXS analyses were chosen based on the DSC curve of each sample. Temperature points before, between, and after subsequent DSC peaks were chosen in order to verify the alterations in structural organization caused by the calorimetric events.

In vitro drug release in buffer, serum, and plasma
--------------------------------------------------

The in vitro DOX release from SpHL-AL-DOX or SpHL-DOX was assessed in HBS at pH 7.4 or pH 5. One milliliter of SpHL-AL-DOX or SpHL-DOX (pH 7.4 or 5) was transferred to a cellulose-membrane tube (CelluSep, MWCO 10,000 kDa). The dialysis membrane was then placed in the dialysis medium (100 mL) and gently shaken at 22°C. At several time intervals, 50 µL of external buffer solution was withdrawn and replaced with an equal volume of fresh medium. The concentration of DOX in the dialysis medium and in liposomes after dialysis was determined by HPLC analysis ([Supplementary materials](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)). The percentage of DOX released was calculated by dividing the amount of DOX in the dialysis medium by the amount of DOX added in the dialysis sac. The average diameter and PDI of formulations used in the studies at pH 7.4 were determined prior to and after the experiment. Release studies in plasma and serum were also performed. Liposomes were diluted in plasma or serum (1:4 v⋅v^−1^) prior to transfer to the cellulose-membrane tubes. Dialysis was performed at 37°C, as described earlier.

In vitro assessment of HA-binding affinity
------------------------------------------

HA nanopowder was suspended in HBS pH 7.4 (10 mg·mL^−1^). SpHL-AL-DOX or SpHL-DOX was poured onto HA suspensions (final concentration of lipids 1.7 µmol⋅L^−1^), and the mixture was then gently shaken at room temperature. At several time points, the samples were centrifuged at 5,000× *g* for 15 minutes. The supernatant was collected, and the concentration of phosphorus in the sample measured by ICP-MS. Samples of HA nanopowder, SpHL-AL-DOX, or SpHL-DOX alone were submitted to the same protocol, and the phosphorus concentration was also measured by ICP-MS. It was not possible to quantify any significant amount of phosphorus in the supernatant of the samples containing only HA nanopowder. The phosphorus concentration measured in the supernatant of the samples containing SpHL-AL-DOX or SpHL-DOX alone was considered to reflect the unbounded concentration. To evaluate the release of the bound SpHL-AL-DOX from HA, the pellet of the sample centrifuged at 6 hours was resuspended in HBS pH 7.4, and at several time intervals (up to 24 hours) the sample was centrifuged at 5,000× *g* for 15 minutes. The supernatant was collected, and the concentration of phosphorus in the sample was measured by ICP-MS. Once again, the HA nanopowder was submitted to the same protocol and the phosphorus concentration in the supernatant measured, in order to demonstrate absence of interference of HA on the quantification of liposomal phosphorus.

Cytotoxicity assay
------------------

The human breast cancer cell line MDA-MB-231 was cultured in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum, penicillin (100 IU·mL^−1^), and streptomycin (100 mg·mL^−1^). The cells were maintained at 37°C in a humidified 5% CO~2~ atmosphere. An aliquot containing 3×10^3^ cells was distributed in 96-well plates. After 24 hours of growth, the cells were submitted to treatment with free DOX, SpHL-AL-DOX, and SpHLs. The DOX-concentration range varied between 1 and 500 mmol·L^−1^. Forty-eight hours after the initial treatment, cell viability was assessed by MTT reduction. First, 100 µL of a 0.5 mg/mL MTT solution was added to each well of the plate. After 2 hours, MTT crystals were solubilized in 100 µL of sodium dodecyl sulfate 10% (w/v) dissolved in 0.1 mmol·L^−1^ HCl solution. Cell viability was estimated by measuring the rate of mitochondrial reduction of MTT, determined by evaluating the absorbance of the converted dye at a wavelength of 595 nm. Absorbance values of the wells in which the cells were maintained in medium alone were considered to have a cell viability of 100%. Cells treated with SpHLs were used as a control group. Data are expressed as percentage of cell viability compared to this control group (mean ± standard deviation). The half-maximal inhibitory concentration (IC~50~) values of free DOX and SpHL-AL-DOX were calculated using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). At least three independent experiments were performed.

Biodistribution studies
-----------------------

Biodistribution studies were performed according to and ethically approved by the experimental guidelines of the Animal Experimentation Ethics Committee of Massachusetts General Hospital Subcommittee on Research Animal Care (protocol 2014N000026). Female nude BALB/c mice bearing MDA-MB-231 bone metastases were employed in this study. Tumor-bearing mice were established as follows: 10^5^ MDA-MB-231 cells were inoculated into the medullar channel of the left tibia of the mice. Tumors were allowed to grow for 15 days. Presence of tumors was confirmed by histological and bone-scintigraphy analyses (data not shown).

After tumor growth, animals were intravenously injected with free DOX, SpHL-DOX, or SpHL-AL-DOX (15 mg·kg^−1^, n=6 each group) and killed after 2 hours (n=3) or 8 hours (n=3). Blood, liver, spleen, heart, kidney, and tumor samples were collected for quantification of DOX by HPLC. Blood was collected in heparinized tubes and centrifuged at 2,000× *g* for 10 minutes. To preserve DOX from degradation, all samples were stored at −20°C until analysis. Methodological details about the quantification are described in [Supplementary materials](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf).

Results and discussion
======================

Synthesis of DSPE-PEG~3,400~-AL
-------------------------------

By comparing the DSPE-PEG~3,400~-AL to DSPE-PEG~3,400~-NHS IR spectra, elimination of the peak at 1,712 cm^−1^ was observed, which was related to the presence of the NHS group ([Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)). The elimination of the NHS group occurred due to the nucleophilic attack of the amine groups of sodium AL on the NHS-activated carbonyl group from DSPE-PEG~3,400~-NHS. Similar results have been previously demonstrated by Baki. For ^1^H NMR of sodium AL ([Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)), it was possible to observe two signals of chemical shifts at 2.01 and 3.04 parts per million (ppm), with integrals equal to 4 and 2, respectively. These signals were related to the hydrogen atoms of the aliphatic chain of the AL molecule. ^1^H NMR of the DSPE-PEG~3,400~-NHS ([Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)) showed an intense singlet at 3.61 ppm (ethylene glycol), a group of multiplets between 1.2 and 1.3 ppm (two lateral stearyl chains), a triplet at 0.79 ppm (two groups, −CH~3~ terminal), and a singlet at 2.69 (NHS group). ^1^H NMR of the DSPE-PEG~3,400~-AL ([Figure S4](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)) revealed reduction of the signal relative to the NHS group and the presence of two signals at 1.92 and 2.95 ppm, which were related to insertion of the AL molecule in the DSPE-PEG~3,400~-NHS. From the ^31^P NMR of DSPE-PEG~3,400~-AL ([Figure S5](https://www.dovepress.com/get_supplementary_file.php?f=109966.pdf)), two sharp peaks were observed at 17.76 and 0.07 ppm, representing the coexistence of phosphonate and phosphate groups, respectively, in the same molecule.[@b16-ijn-11-3737],[@b17-ijn-11-3737] In addition, the measurement of the amount of phosphorus by means of ICP-MS showed an increase of 24.24% in DSPE-PEG~3,400~-AL compared to the DSPE-PEG~3,400~-NHS sample ([Table 1](#t1-ijn-11-3737){ref-type="table"}). Therefore, these findings strongly suggest attachment of the AL molecule to DSPE-PEG~3,400~-NHS.

The low reaction yield (\~24%) must have been related to the hydrolysis of DSPE-PEG-NHS caused by residual water molecules present in the solvent bulk prior to the reaction with AL.[@b18-ijn-11-3737] This would cause elimination of the NHS group and inactivation of the carboxyl group, which would be less susceptible to the nucleophilic attack by the amino group of AL molecules. This theory is supported by the results found in ^1^H NMR and IR spectra, which showed complete elimination of NHS-associated signals.

Liposome characterization
-------------------------

The physicochemical properties of the liposomal formulations are shown in [Table 2](#t2-ijn-11-3737){ref-type="table"}. The average size of all liposomal preparations varied, ranging from 150 to 185 nm. The encapsulation of DOX into SpHLs or SpHL-AL led to the formation of liposomes of similar size. It is well known that liposomal preparations for anticancer treatment must present small vesicles to comply with safety requirements and improve therapeutic efficacy.[@b19-ijn-11-3737] Since tumor sites possess a leaky vasculature, liposomes must be of adequate size to deliver anticancer agents by means of the enhanced permeability and retention (EPR) effect. This effect occurs due to the anatomic differences between normal and cancerous tissue, since capillaries in the tumor area possess increased permeability. This defective vascular architecture, coupled with poor lymphatic drainage, induces EPR. Therefore, liposomes smaller than 200 nm have been shown to accumulate preferentially in tumors, due to this EPR effect. Moreover, it is important to note that the size range is a compromise between the loading efficiency of liposomes (increases with increasing size), liposome stability (decreases with increasing size above an optimal 80--200 nm range), and ability for uptake in the tumors (decreases with increasing size).[@b20-ijn-11-3737]--[@b22-ijn-11-3737] PDI values of the formulations varied from 0.1 to 0.15, which means that the formulations were homogeneously dispersed.

As for ζ-potential, it was more negative for SpHL-AL-DOX compared to SpHL-DOX (−12.4 mV vs −7.1 mV). Although no statistical difference was observed for the ζ-potentials of the SpHL (−5.4 mV) or SpHL-AL (−10.6 mV) samples, a tendency toward more negative values was observed for SpHL-AL. These findings strongly suggest the presence of AL molecules on the surface of liposomes. AL contains two phosphonate groups, whose pKa values are 1.33, 2.16--2.72, 5.95--8.73, and 10.25--11.07, which means that at neutral pH, at least two hydroxyl groups are deprotonated.[@b23-ijn-11-3737] Besides that, management of the ζ-potential is important to guarantee adequate shelf-life stability. In general, the higher the ζ-potential absolute value, the more physically stable the liposomal formulations. This occurs because the aggregation of the particles is less likely to occur, due to electrical repulsion forces.[@b24-ijn-11-3737]

EP was around 75% and 95% for SpHL-DOX and SpHLAL-DOX, respectively. The increase in EP for SpHL-AL-DOX may have been due to electrostatic interactions between the phosphate group of AL molecules and the amino group of DOX molecules. These interactions were demonstrated by SAXS studies. The yield of recuperation of phospholipids after liposome purification was typically around 80%, as determined by phosphorus ICP-MS. Drug content, when measured by weight percentage, varied between 20% and 25% of the total. Considering the higher entrapment of DOX in SpHL-AL-DOX, a higher drug:lipid ratio was found compared to SpHL-DOX.

Storage stability
-----------------

The mean diameter, PDI, and ζ-potential of SpHL-AL stored at 4°C were studied over a time course of 4 months ([Table 3](#t3-ijn-11-3737){ref-type="table"}). The choice of this formulation was based on two aspects: 1) the encapsulation of DOX into the liposomes was nearly complete through the incubation of the drug with these blank liposomes, and 2) DOX possesses low stability in an aqueous solution, even if stored at a low temperature.[@b25-ijn-11-3737] Therefore, it would be interesting to prepare stable blank liposomes to encapsulate the drug shortly before use.

A typical phenomenon of instability of the liposomal formulation is an increase in particle size, due to the aggregation or fusion of liposomes upon storage. An increase in particle size of liposomes generally results in rapid uptake by mononuclear phagocyte system, with a subsequent rapid clearance and a short half life. Moreover, the fusion of vesicles leads to the leakage of the encapsulated drug and changes the surface charge. Therefore, controlling and maintaining small liposomes of uniform size are critical in developing a viable pharmaceutical product.[@b18-ijn-11-3737] The mean diameter varied from 154 to 166 nm during the first storage week. After that, the values of size, PDI, and ζ-potential remained constant, indicating good stability of the formulation. The maintenance of the mean diameter over time may have been due to the highly negative surface charge and the presence of PEG chains on the liposome surface, which could have prevented vesicle aggregation through steric repulsion, improving the stability of the formulations.[@b26-ijn-11-3737],[@b27-ijn-11-3737] These results are in agreement with those previously reported by Lopes et al, using a similar liposomal composition.[@b28-ijn-11-3737]

DSC and SAXS analysis
---------------------

Mixtures of all the lipids used in the formulation were submitted to DSC and SAXS analysis. For the mixture DOPE:HBS, three endothermic peaks centered at −25°C, −3°C, and 12°C were observed in DSC curves ([Figure 3A](#f3-ijn-11-3737){ref-type="fig"}). The intense peak observed at −3°C can be attributed to the ice melting, as previously described by Lopes et al.[@b29-ijn-11-3737] SAXS patterns for the DOPE:HBS sample recorded at different temperatures are presented in [Figure 3B](#f3-ijn-11-3737){ref-type="fig"}. Diffraction patterns of DOPE at −30°C and −18°C showed SAXS peaks at *q*=1.138, 2.270, and 3.427 nm^−1^, and *q*=1.13, 2.278, and 3.419 nm^−1^, respectively, with Bragg indices of 1, 2, and 3, which characterizes the presence of lamellar phases. The lattice parameter was equivalent to 5.52 and 5.56 nm for −30°C and −18°C, respectively. Also observed was a decrease in peak width at -18°C compared to those at −30°C. These structural changes of the lamellar domains upon heating may have been related to the appearance of the slight endothermic peak observed at −25°C in a DSC curve. In addition, two broad peaks were observed at *q*=1.577 and 2.811 at −30°C, and at *q*=1.577 and 2.827 at −18°C, with Bragg indices 1 and √3, which characterizes the presence of hexagonal phases. The lattice parameter was 3.98 nm for both temperatures. Moreover, a peak identified at *q*=4.635 nm^−1^ at both temperatures was attributed to the buffer salt crystals, as shown by control analysis (data not shown). With regard to SAXS patterns acquired at 20°C, peaks were identified at *q*=1.586 and 2.861 nm^−1^ (Bragg indices 1 and √3), indicating only the existence of a hexagonal phase of DOPE. The lattice parameter found was 3.96 nm. Therefore, the DSC peak observed at 12°C ([Figure 3A](#f3-ijn-11-3737){ref-type="fig"}) could have been related to the lamellar to hexagonal (H~II~) phase transition.

After analysis of the thermal behavior of the DOPE: CHEMS:HBS mixture ([Figure 3C](#f3-ijn-11-3737){ref-type="fig"}), two peaks centered at −3°C and 20°C could be observed. The exothermic DSC peak observed at −3°C was attributed to the crystallization of CHEMS molecules that had not been incorporated into the liposomal membrane. An exothermic peak was also observed in the DSC analysis of pure CHEMS, where the peak was centered at 0°C (data not shown). The decrease in temperature of this crystallization might have been related to the presence of HBS salts, which can interact with CHEMS molecules. SAXS measurements obtained at −25°C and 7°C ([Figure 3D](#f3-ijn-11-3737){ref-type="fig"}) revealed the presence of peaks at *q*=1.214, 2.743, and 3.588 nm^−1^ and *q*=1.223, 2.608, and 3.689 nm^−1^, respectively, which characterizes the lamellar phase of DOPE molecules with Bragg indices of 1, 2, and 3. The lattice parameters found were 5.18 and 5.14 nm, respectively. This structural dimension of the lamellar phase was in agreement with data reported in previous studies for liposomes also composed of DOPE and CHEMS.[@b29-ijn-11-3737],[@b30-ijn-11-3737] Also identified were SAXS peaks at *q*=1.544 and 2.870 nm^−1^ and 1.552 and 2.853 nm^−1^ at -25°C and 7°C, respectively, with Bragg indices of 1 and √3, showing the presence of a hexagonal phase of DOPE molecules with lattice parameters equivalent to 4.07 and 4.05 nm. The coexistence of lamellar and hexagonal phases may have been the result of a heterogeneous distribution of CHEMS molecules between the DOPE molecules in the lipid bilayer. The absence of CHEMS among DOPE molecules, in some regions, could have allowed DOPE molecules to be brought close to each other, thus favoring hexagonal phase formation. Another SAXS peak at *q*=1.426 nm^−1^ and *q*=1.400 nm^−1^ at −25°C and 7°C, respectively, was observed, which could not be assigned. The maintenance of the SAXS diffraction pattern for both temperatures indicated that the DSC peak observed at −3°C was not related to any alteration in the structural organization of the lipid membrane. This result confirms that this peak can be related to the crystallization of CHEMS molecules that are not inserted into the lipid membrane. SAXS patterns at 30°C showed a decreased intensity of the peaks attributed to the lamellar phase of DOPE molecules. In addition, peaks were observed at *q*=1.569, 2.844, and 3.157 nm^−1^, with periodicity of the Bragg reflections equal to 1, √3, and 2, indicating the presence of the hexagonal phase of DOPE molecules with a lattice parameter equivalent to 4 nm. Since the coexistence of lamellar and hexagonal phases was maintained at 30°C, the endothermic peak observed at 20°C in the DSC curve can be attributed to the melting of free CHEMS molecules. Previous studies also showed the occurrence of this event in mixtures composed of DOPE and CHEMS.[@b29-ijn-11-3737]

DSC analysis of the DOPE:CHEMS:DSPE-PEG~3,400~-AL:HBS sample is presented in [Figure 3E](#f3-ijn-11-3737){ref-type="fig"}. DSC peaks can be observed centered at −5°C, 16°C, 48°C, and 54°C. The exothermic and endothermic DSC peaks at −5°C and 16°C can be attributed to CHEMS crystallization and melting, respectively, as mentioned earlier. At −25°C, SAXS patterns ([Figure 3F](#f3-ijn-11-3737){ref-type="fig"}) showed peaks at *q*=0.403 and 0.817 nm^−1^, with periodicity of the Bragg reflections equal to 1 and 2, which characterizes the presence of the lamellar phase and lattice parameter of 15.59 nm. The increased thickness of the lipid bilayer might have been associated with the presence of DSPE-PEG~3,400~-AL molecules. The insertion of PEG derivatives has been shown to increase bilayer thickness, which can reach up to 15 nm depending on PEG conformation.[@b31-ijn-11-3737],[@b32-ijn-11-3737] Also identified was a broad peak located in the *q*-range of 1--1.8 nm^−1^ and a sharp peak at *q*=2.861 nm^−1^, for which it was impossible to establish the ratio of Bragg reflections. These peaks were certainly related to a second lamellar system, which developed upon heating and could be clearly identified at 5°C and 30°C. Diffraction patterns at 5°C also showed peaks at *q*=0.394 and 0.791 nm^−1^ (periodicity of Bragg reflections 1 and 2), which can be associated with lamellar regions with higher amounts of DSPE-PEG~3,400~-AL molecules. The SAXS peaks related to the second lamellar system became clearer, showing peaks located at *q*=1.392 and 2.853 nm^−1^. The lattice parameter was 4.51 nm. The observation of two lamellar domains may have been the result of a heterogeneous distribution of DSPE-PEG~3,400~-AL molecules located along the lipid bilayer. At 30°C, diffraction patterns similar to those observed at 5°C were identified, which confirms that the peak observed at 16°C in the DSC curve was not related to alterations in the lipid-bilayer organization. Finally, at 60°C, the second SAXS peak related to the lamellar region enriched in DSPE-PEG~3,400~-AL molecules disappeared, a result that can be explained by the melting of DSPE-PEG~3,400~-AL chains. Therefore, the DSC peaks at 48°C and 54°C can be attributed to this melting of DSPE-PEG~3,400~-AL molecules. DSC analysis of DSPE-PEG~3,400~-AL alone also demonstrated two peaks in this temperature range, confirming the aforementioned proposition (data not shown). Moreover, a broadening of the peak was observed in the *q*-range of 1.2--1.8 nm^−1^, which might have been a result of the formation of less ordered structures of DOPE molecules upon heating.

Finally, the influence of the addition of DOX on the thermal behavior of the lipid mixture was investigated. DSC peaks of the DOPE:CHEMS:DSPE-PEG~3,400~-AL:DOX:HBS were observed centered at −4°C, 16°C, 46°C, and 54°C ([Figure 3G](#f3-ijn-11-3737){ref-type="fig"}). The exothermic and endothermic DSC peaks at −4°C and 16°C can be attributed to the crystallization and melting of CHEMS molecules, respectively, as mentioned earlier. In addition, the DSC peaks at 46°C and 54°C can be attributed to the melting of the DSPE-PEG~3,400~-AL molecules, as also described earlier. SAXS analyses at various temperatures were performed in an attempt to confirm this hypothesis ([Figure 3H](#f3-ijn-11-3737){ref-type="fig"}). At −25°C, SAXS peaks were identified at *q*=0.412, 0.834, and 1.214 nm^−1^, with periodicity of the Bragg reflections equal to 1, 2, and 3, which are related to the lipid-bilayer region enriched in the DSPE-PEG~3,400~-AL molecules. The lattice parameter was 15.25 nm. Besides, peaks at *q*=1.476 and 3.115 nm^−1^ were identified (periodicity of Bragg reflections 1 and 2, lattice parameter 4.26 nm), attributed to the lamellar phase of the DOPE molecules. The peaks observed at *q*=2.869 and 3.596 nm^−1^ might have been related to the DOX crystals. It is noteworthy that these peaks were observed at all temperature intervals investigated. Finally, the SAXS peak at *q*=4.652 nm^−1^ can be attributed to the buffer salt crystals. At 5°C, the SAXS peaks associated with the two lamellar systems were observed at *q*=0.412, 0.826, and 1.214 nm^−1^, and *q*=1.561 and 3.106 nm^−1^. The lattice parameters were 15.25 and 4.03 nm, respectively. Similar profiles were obtained for the SAXS patterns at 30°C, showing peaks at *q*=0.412, 0.834, and 1.248 nm^−1^ (lattice parameter 15.25 nm) and at *q*=1.611 and 3.106 nm^−1^, with a lattice parameter of 3.9 nm. At 60°C, the SAXS peaks of both lamellar regions shifted to higher *q*-values: 0.496, 1.003, and 1.417 nm^−1^ and 1.687 and 3.115 nm^−1^, respectively. The lattice parameters were 12.67 and 3.72 nm, respectively. The decrease in the value of the lattice parameter can be explained by the melting of the DSPE-PEG~3,400~-AL molecules, leading to higher fluidity of the lipid bilayer. The results described evidenced the occurrence of interactions between the DOX molecules and the lipids forming the long-circulating SpHL-AL. The SAXS patterns of the sample containing DOX molecules were different from those obtained for the sample without DOX molecules at all temperatures evaluated. The presence of DOX molecules allowed a greater structural organization of lipids in two lamellar systems (regions enriched or not in DSPE-PEG~3,400~-AL molecules). This finding may have been the result of the occurrence of electrostatic interactions between the amino group of DOX molecules and the phosphate group of DOPE, DSPE-PEG~3,400~, or DSPE-PEG~3,400~-AL molecules and/or the carboxylic group of CHEMS molecules. It is important to note that the lamellar to nonlamellar phase transitions of DOPE did not occur until 60°C. This result suggests that SpHL-AL-DOX may present good stability against changes in room temperature.

In vitro drug release in HBS, serum, and plasma
-----------------------------------------------

Formulations were submitted to leakage studies by means of dialysis against HBS pH 7.4 or 5 ([Figure 4A](#f4-ijn-11-3737){ref-type="fig"}). For SpHL-AL-DOX at pH 7.4, a biphasic release of DOX was observed, with 17% released in the first 8 hours, followed by slow leakage up to 48 hours (\~28% released). At pH 5, the release profile was polyphasic, with faster leakage of DOX in the first 3 hours (\~40% released), followed by a sustained release up to 24 hours (\~52% released). From 24 to 36 hours, the leakage rate increased, followed by a new sustained release up to 48 hours (\~88% released). The release profile for SpHL-DOX was similar to the AL-coated formulation, although the total amount of leaked DOX was higher. At pH 7.4, around 22% of the content was leaked in the first 8 hours, followed by a reduction in release rate up to 48 hours (\~36% released). At pH 5, a biphasic release profile was observed, with around 62% of DOX released in the first 6 hours and then a slower release occurring up to 48 hours (\~96% released). The more rapid release of DOX from liposomes at pH 5 compared to pH 7.4 can be explained by the destabilization of the lipid bilayer under an acidic environment, and proves the pH sensitivity of the formulation. For both formulations (SpHLAL-DOX and SpHL-DOX) in both conditions (pH 7.4 and 5), a higher DOX-leakage rate was observed at the initial time, which can be related to the release of the drug electrostatically associated with the surface of the liposomes. The subsequent drug release was relatively slow up to 48 hours. The diffusion of DOX through the lipid system might have been responsible for this late-release profile. Studies performed by Garbuzenko et al, using nontargeted pH-sensitive liposomes (SpHLs) containing a radiolabeled peptide, showed a similar release profile.[@b31-ijn-11-3737] It is noteworthy that the AL molecules attached to the extremity of DSPE-PEG~3,400~ did not destabilize the lipid bilayer, since the release profile was similar for SpHL-AL-DOX and SpHL-DOX. In addition, the interaction between the DOX molecules and the lipid bilayer, as suggested by the SAXS studies, may explain the slower release of the DOX molecules from SpHL-AL-DOX compared to the AL-uncoated ones. For both formulations, at pH 7.4 the mean diameter and PDI were evaluated prior to and after the release studies, and no difference was observed ([Table 4](#t4-ijn-11-3737){ref-type="table"}), which confirms the maintenance of membrane stability throughout the time interval. Due to the formation of aggregates at pH 5, it was not possible to measure the mean diameter of these formulations.

For plasma and serum stability, both formulations (SpHL-DOX and SpHL-AL-DOX) were mixed with rat-blood plasma or serum and then submitted to dialysis against HBS pH 7.4 ([Figure 4B](#f4-ijn-11-3737){ref-type="fig"}). The DOX-release profile was similar for both formulations. In plasma, DOX was rapidly leaked from both formulations in the first hour (14.7% and 19.5% for SpHL-DOX and SpHL-AL-DOX, respectively); after that, the release rate remained constant throughout. In serum, the leakage rate was kept constant until 24 hours of analysis. After 24 hours, the leakage percentage was around 35% for both formulations in plasma, and 17% for SpHL-DOX and 20% for SpHL-AL-DOX in serum. The highest amount of DOX released in plasma could be explained by the presence of fibrinogen and the anticoagulant ethylenediaminetetraacetic acid (EDTA) into the medium. It is known that DOX molecules can interact with EDTA molecules to form a poorly water-soluble salt.[@b33-ijn-11-3737] EDTA, which was added to the blood during the plasma-separation process, interacted with DOX molecules present on the liposomal membrane, promoting its rapid release at initial time. Besides that, it is well known that liposomal formulations can interact with plasma proteins through adsorption or extraction of liposomal membrane components. This interaction can lead to destabilization of the liposomes, associated with the rapid release of the internal content.[@b33-ijn-11-3737] It is known that plasma possesses a higher protein content, due to the presence of fibrinogen, which could lead to an enhanced destabilization process. In spite of this difference, in this study a slow and constant release of DOX was observed from the liposomes in both blood components, which could have been related to a low interaction between the liposomal membrane and plasma or serum components. This effect can be reached through the insertion of PEG derivatives that generate a steric barrier around the liposomal membrane, avoiding the approaching proteins.[@b13-ijn-11-3737] After 24 hours, the size of the formulations was determined again ([Table 4](#t4-ijn-11-3737){ref-type="table"}). The mean diameter and PDI of the formulations had changed slightly, which could indicate initial destabilization. In spite of that, the final mean diameter and PDI were still considered suitable for these types of formulation.

In vitro assessment of HA-binding affinity
------------------------------------------

The affinity of the liposomes for HA is shown in [Figure 5A](#f5-ijn-11-3737){ref-type="fig"}. Both SpHL-AL-DOX and SpHL-DOX showed weak binding to HA at the initial time point (\<1%). After 2 hours, SpHL-DOX kept their low affinity for HA (\<5% of binding), whereas SpHL-AL-DOX presented significantly higher affinity (\~40% of binding). The highest affinity of SpHL-AL-DOX for HA indicates that the AL molecules were able to attach to the liposomal surface without loss of affinity for HA. Similar results have been reported for the incorporation of other bisphosphonate derivatives in liposomes and other types of nanoparticles, eg, bovine serum albumin, gold, and synthetic polymers.[@b8-ijn-11-3737]--[@b10-ijn-11-3737],[@b34-ijn-11-3737]--[@b36-ijn-11-3737] Besides that, the binding percentage of SpHL-AL-DOX was maintained up to 6 hours, which suggests that liposome binding to HA was not time-dependent.

In an attempt to evaluate the strength of binding of SpHLAL-DOX to HA, the sample submitted to the previous study was submitted to liposomal release-rate evaluation ([Figure 5B](#f5-ijn-11-3737){ref-type="fig"}). The release rate of SpHL-AL-DOX from HA was nearly constant throughout the evaluated time interval. The amount of phosphorus in the dispersant phase varied from 2% to 16% of the total of the liposomes during the first 24 hours, indicating strong binding of SpHL-AL-DOX to HA. The strong binding to HA is essential to obtain prolonged liposomal retention in bones. These results indicate that the liposomes are able to interact specifically with HA through the complexation of phosphonate groups with Ca^2+^ ions.

Cytotoxicity assay
------------------

Cell viability of free DOX or SpHL-AL-DOX was determined using MDA-MB-231 cells and compared to untreated cells. Free DOX and SpHL-AL-DOX had a similar cytotoxic effect, and induced significant dose-dependent effects ([Figure 6](#f6-ijn-11-3737){ref-type="fig"}). IC~50~ values were 120±15 and 153±20 nmol⋅L^−1^ for free DOX and SpHL-AL-DOX, respectively. These results were not significantly different (*P*\>0.05). Similar results for both free and encapsulated DOX can be explained by the destabilization of the liposomal membrane after cell internalization. The acidification of the endosome leads to the protonation of carboxylate groups of CHEMS molecules, which suppress charge repulsion within the lipid bilayer, inducing the reversion of DOPE molecules into their inverted hexagonal phase. Consequently, this effect promotes the liposome destabilization or fusion with the endosome and allows the release of DOX into the tumor-cell cytoplasm.[@b37-ijn-11-3737] Blank liposomes (SpHL-AL) were also tested under the same dilutions used for SpHL-AL-DOX, and no cytotoxicity to the tumor cells was observed in the concentration range studied, showing that the cytotoxicity of SpHL-AL-DOX was related specifically to the action of DOX in the tumor cells.

Biodistribution studies
-----------------------

DOX content was quantified in each organ and calculated as percentage of injected dose per gram of tissue ([Figure 7](#f7-ijn-11-3737){ref-type="fig"}). For the free DOX group, an intense uptake of DOX by kidneys was observed at 2 hours postinjection, and after 8 hours the amount was reduced sixfold, indicating rapid clearance of the drug. The reduction in kidney uptake was followed by complete elimination of DOX from the bloodstream. Other organs presented relatively lower drug uptake for both time intervals. Also noteworthy was the higher uptake of free DOX into heart and tumor tissue at 2 hours when compared to blood. The uptake of DOX into the heart can be explained by the fact that this cationic drug was retained in the mitochondrial inner membrane by forming a nearly irreversible complex with cardiolipin. Since cardiac muscle presents high respiratory activity, mitochondria are prevalent in this area.[@b38-ijn-11-3737] This fact is one of the bases to explain cardiac toxicity caused by DOX. The proteins of the electron-transport chain require cardiolipin binding to function properly, and it has been argued that since DOX disrupts the cardiolipin--protein interface, superoxide (O~2~^−^) formation occurs, injuring the myocardium.[@b39-ijn-11-3737]

For the liposomal DOX, both formulations showed significant uptake by the liver and spleen, as nanostructures are normally trapped by macrophages present in these organs.[@b40-ijn-11-3737] High renal excretion was also observed. Other organs evaluated presented significantly lower uptake in the whole experiment. The heart uptake of DOX was significantly reduced for both liposomes at 2 hours postinjection when compared to the free drug. At 8 hours postinjection, the values were reduced significantly, approaching zero. In the bloodstream, a higher concentration of the drug was observed for both liposomes at 2 and 8 hours, indicating that the drug circulated for a longer time when encapsulated in the liposomes. In parallel, uptake in the tumor area at 2 hours was increased for the SpHL-AL-DOX treatment. The retention of DOX in the tumor area was also longer for this treatment group when compared to the other, being equal to four times and twice as concentrated than free DOX or SpHL-DOX, respectively.

Upon evaluation of the tumor:bloodstream ratio at 2 hours, values of 2.7±0.4, 1.4±0.3, and 1.4±0.2 were observed for free DOX, SpHL-DOX, and SpHL-AL-DOX, respectively. The lower values observed for both liposomes can be explained by the longer circulation time achieved by these formulations, which increases the concentration of the drug in the bloodstream. On the other hand, when this ratio was calculated at 8 hours, an important increment was observed in the tumor affinity for SpHL-AL-DOX (tumor:bloodstream ratio 3.9±0.6) when compared to SpHL-DOX (tumor:bloodstream ratio 2±0.4). For the free DOX, it was not possible to calculate this value, since the drug concentration in the blood was undetectable. These results show the capacity of SpHL-AL-DOX to interact and be retained in the tumor site.

The longer circulation time, higher tumor uptake, and reduced heart uptake for the liposomal formulations when compared to the free drug can be explained by two factors: 1) the size of the liposomes, which made the DOX less susceptible to be taken up by healthy tissues, such as the myocardium; and 2) the encapsulation of DOX in long-circulating liposomes, which allowed its retention for a long time in the bloodstream, enhancing its ability to reach the tumor area and be taken up due to the EPR effect.[@b41-ijn-11-3737] Also, the higher uptake of DOX in the tumor area and the lower uptake in the heart after SpHL-AL-DOX treatment when compared to SpHL-DOX treatment can be explained by the presence of AL on the liposomal surface, which allowed for the interaction of this formulation with the local bone matrix, with increased release of DOX in that area.[@b42-ijn-11-3737]

Conclusion
==========

DSC and SAXS results evidenced the occurrence of interaction between the DOX molecules and the liposomal membrane, leading to a more organized bilayer structure. Further studies aiming to better understand these interactions and their effects on the physicochemical and biological behavior of liposomal formulations will be useful for planning the development of new DOX liposomal formulations. The formulation developed in this work (SpHL-AL-DOX) accomplished four essential aspects of its purpose: 1) it demonstrated suitable plasma and serum stability, which are essential to maintain the drug protected in the aqueous phase of liposomes, avoiding uptake by healthy tissues; 2) the high affinity and capacity for holding the encapsulated drug in the tumor area can be guaranteed by the active targeting provided by the insertion of DSPE-PEG~3,400~-AL, which demonstrated a strong interaction with HA; 3) since SpHL-AL-DOX would be able to be taken up in the tumor region, the extra- and/or intracellular release of DOX could be achieved by the demonstrated pH sensitivity; and 4) the maintenance of the cytotoxicity against breast cancer tumor cells shows that the encapsulated drug is not prevented from acting after reaching the tumor area. These results demonstrate the potential of this formulation as a rational tool for further studies of efficacy and toxicity against breast cancer metastases in bones.
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![Flowchart containing the experiments performed in this study.\
**Abbreviations:** DSPE, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine; PEG, polyethylene glycol; SpHL, pH-sensitive liposomes; AL, alendronate; DOX, doxorubicin.](ijn-11-3737Fig1){#f1-ijn-11-3737}

![Schematic representation of reaction between sodium AL and DSPE-PEG~3,400~-NHS to produce DSPE-PEG~3,400~-AL.\
**Abbreviations:** AL, alendronate; DSPE-PEG~3,400~-NHS, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(*N*-hydroxysuccinimide-\[polyethylene glycol\]-3,400).](ijn-11-3737Fig2){#f2-ijn-11-3737}

![DSC curves and SAXS patterns of lipid mixtures.\
**Notes:** DSC curves of samples DOPE:HBS (**A**), DOPE:CHEMS:HBS (**C**), DOPE:CHEMS:DSPE-PEG~3,400~-AL:HBS (**E**), and DOPE:CHEMS:DSPE-PEG~3,400~-AL:DOX:HBS (**G**), and SAXS patterns at variable temperatures of samples DOPE:HBS (**D**), DOPE:CHEMS:HBS (**B**), DOPE:CHEMS:DSPE-PEG~3,400~-AL:HBS (**F**), and DOPE:CHEMS:DSPE-PEG~3,400~-AL:DOX:HBS (**H**). The indices of SAXS patterns represent the periodicity of the Bragg reflections. Red indices are related to lamellar phases, while blue indices are related to hexagonal phases. Arrows show the temperature in which the SAXS patterns were acquired.\
**Abbreviations:** DSC, differential scanning calorimetry; SAXS, small-angle X-ray scattering; DOPE, 1,2-dioleoyl-glycero-3-phosphatidylethanolamine; HBS, HEPES-buffered saline; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; CHEMS, cholesteryl hemisuccinate; DSPE-PEG~3,400~-NHS, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(*N*-hydroxysuccinimide-\[polyethylene glycol\]-3,400); AL, alendronate; DOX, doxorubicin.](ijn-11-3737Fig3){#f3-ijn-11-3737}

![Release profile of DOX from SpHL-AL-DOX or SpHL-DOX in HBS pH 7.4 and 5 (**A**) or plasma and serum (**B**).\
**Notes:** \*Significant differences between SpHL-DOX and SpHL-AL-DOX formulations at same pH and time interval, assessed by one-way ANOVA followed by Tukey's HSD test (*P*\<0.05). Results expressed as mean ± SEM (n=3).\
**Abbreviations:** DOX, doxorubicin; SpHL-AL-DOX, alendronate-coated long-circulating pH-sensitive liposomes containing DOX; HBS, HEPES-buffered saline; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; ANOVA, analysis of variance; HSD, honest significant difference; SEM, standard error of mean.](ijn-11-3737Fig4){#f4-ijn-11-3737}

![Degree of binding of SpHL-AL-DOX and SpHL-DOX to HA (**A**) and release profile of SpHL-AL-DOX after association with HA (**B**).\
**Note:** Results expressed as mean ± SEM (n=3).\
**Abbreviations:** SpHL-AL-DOX, alendronate-coated long-circulating pH-sensitive liposomes containing doxorubicin; HA, hydroxyapatite; SEM, standard error of mean.](ijn-11-3737Fig5){#f5-ijn-11-3737}

![MDA-MB-231 cell-inhibition curves after 48 hours' incubation with free DOX (**A**) or SpHL-AL-DOX (**B**).\
**Notes:** Blank liposomes (SpHL-AL) were submitted to the same dilution of SpHL-AL-DOX, and inhibition curves represent the effect of the formulation alone for each dilution of SpHL-AL-DOX.\
**Abbreviations:** DOX, doxorubicin; SpHL-AL-DOX, alendronate-coated long-circulating pH-sensitive liposomes containing DOX.](ijn-11-3737Fig6){#f6-ijn-11-3737}

![Biodistribution profile of free DOX, SpHL-DOX, and SpHL-AL-DOX at 2 or 8 hours postinjection in female nude BALB/c mice bearing MDA-MB-231 bone metastasis.\
**Notes:** Different letters indicate significant differences between treatment groups for the same organ at the same time interval, assessed by one-way ANOVA followed by Tukey's HSD test (*P*\<0.05). Results expressed as mean ± SEM (n=3). \*Represents the organs in which the concentration of DOX was undetectable.\
**Abbreviations:** DOX, doxorubicin; SpHL-DOX, long-circulating pH-sensitive liposomes containing DOX; SpHL-AL-DOX, alendronate-coated SpHL-DOX; ID, injected dose; ANOVA, analysis of variance; HSD, honest significant difference; SEM, standard error of mean.](ijn-11-3737Fig7){#f7-ijn-11-3737}

###### 

Phosphorus concentration of lipid samples submitted to ICP-MS analyses

  --------------------------------------------------------------------------
  Sample                P expected (ppb)                  P observed (ppb)
  --------------------- --------------------------------- ------------------
  DSPE-PEG~3,400~-NHS   53.16                             49.93

  DSPE-PEG~3,400~-AL    152.41 for yield equal to 100%\   74.17
                        49.14 for yield equal to 0        
  --------------------------------------------------------------------------

**Abbreviations:** ICP-MS, inductively coupled plasma mass spectrometry; DSPE-PEG~3,400~-NHS, 1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(*N*-hydroxysuccinimide-\[polyethylene glycol\]-3,400); AL, alendronate; ppb, parts per billion.

###### 

Physicochemical properties of the liposomal formulations

  Formulation   Size (nm)                                            PDI         ζ-potential (mV)                                        EP (%)     Phospholipid content[a](#tfn3-ijn-11-3737){ref-type="table-fn"} (nmol·L^−1^)   DOX content (weight %)   Drug:lipid ratio (mol·mol^−1^)
  ------------- ---------------------------------------------------- ----------- ------------------------------------------------------- ---------- ------------------------------------------------------------------------------ ------------------------ -------------------------------------------------------
  SpHLs         141±15                                               0.12±0.06   −5.4±2.2                                                --         --                                                                             --                       --
  SpHL-DOX      151±10                                               0.10±0.08   −7.1±0.7                                                74.5±6.3   4.78±0.23                                                                      21.4±1.9                 0.33±0.03
  SpHL-AL       183±19[\*](#tfn2-ijn-11-3737){ref-type="table-fn"}   0.15±0.04   −10.6±4.4                                               --         --                                                                                                      --
  SpHL-AL-DOX   168±24                                               0.11±0.04   −12.4±3.0[\*](#tfn2-ijn-11-3737){ref-type="table-fn"}   94.7±7.7   4.97±0.09                                                                      24.9±2.1                 0.40±0.03[\*](#tfn2-ijn-11-3737){ref-type="table-fn"}

**Notes:**

Significant differences between SpHL-AL or SpHL-AL-DOX and their respective AL-uncoated formulations (SpHLs and SpHL-DOX, respectively), as assessed by one-way ANOVA followed by Tukey's HSD test (*P*\<0.05);

theoretical concentration of phospholipids equal to 6.2 nmol·L^−1^. Values expressed as mean ± SD (n=3).

**Abbreviations:** PDI, polydispersity index; EP, encapsulation percentage; DOX, doxorubicin; SpHLs, pH-sensitive liposomes (long-circulating); AL, alendronate; ANOVA, analysis of variance; HSD, honest significant difference; SD, standard deviation.

###### 

Physicochemical stability of SpHL-AL

  Time (days)   Size (nm)                                           PDI         ζ-Potential (mV)
  ------------- --------------------------------------------------- ----------- ------------------
  0             154±4[\*](#tfn5-ijn-11-3737){ref-type="table-fn"}   0.11±0.03   −10.6±20.4
  7             164±3                                               0.12±0.01   −10.1±0.8
  14            162±2                                               0.10±0.02   −11.1±1.5
  21            159±2                                               0.11±0.01   −11.3±1.2
  30            162±3                                               0.11±0.02   −10.9±0.3
  60            162±2                                               0.09±0.01   −9.2±1.5
  90            160±2                                               0.10±0.04   −10±1.7
  120           166±2                                               0.10±0.03   −10.6±0.4

**Notes:**

The only significant statistical difference noticed in this experiment was for the mean diameter value of SpHL-AL at day 0 when compared to any other time interval. For the other time points or parameters (PDI and ζ-potential), no statistical difference was observed. These analyses were realized by one-way ANOVA followed by Tukey's HSD test (*P*\<0.05). Values expressed as mean ± SD (n=3).

**Abbreviations:** SpHL-AL, alendronate-coated pH-sensitive liposomes (long-circulating, without doxorubicin); PDI, polydispersity index; ANOVA, analysis of variance; HSD, honest significant difference; SD, standard deviation.

###### 

Mean diameter and PDI of formulations submitted to release studies

  Formulation   Medium   Size (nm)                                            PDI                                                                                      
  ------------- -------- ---------------------------------------------------- -------- ----------- ------------------------------------------------------- ----------- -----------
  SpHL-DOX      HBS      173±13                                               161±18   161±10      0.08±0.02                                               0.10±0.01   0.07±0.02
  Serum         160±8    181±10[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}   --       0.09±0.01   0.17±0.04[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}   --          
  Plasma        165±5    176±5[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}    --       0.07±0.02   0.15±0.05[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}   --          
  SpHL-AL-DOX   HBS      148±6                                                153±11   160±6       0.08±0.03                                               0.11±0.02   0.13±0.03
  Serum         132±7    158±6[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}    --       0.07±0.02   0.21±0.06[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}   --          
  Plasma        136±10   164±2[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}    --       0.09±0.02   0.17±0.03[\*](#tfn7-ijn-11-3737){ref-type="table-fn"}   --          

**Notes:**

Significant differences between the time analyzed and initial time for the same formulation at the same medium, as assessed by *t*-test (*P*\<0.05). Values expressed as mean ± SD (n=3).

**Abbreviations:** PDI, polydispersity index; SpHL-DOX, pH-sensitive liposomes containing doxorubicin (long-circulating); AL, alendronate; SpHL-AL-DOX, AL-coated SpHL-DOX; HBS, HEPES-buffered saline; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; SD, standard deviation.
